We have obtained absorption spectroscopic cross sections as a function of wavelength for the laser material Ho:YAG at 295, 175, and 83 K, in the spectral range from 1700 to 2200 nm. The absorption range corresponds to 5 I 8 -5 I 7 transitions from the ground state to the first excited state amenable to direct pumping by laser diodes and Tm fiber lasers. The data allow a direct comparison of the absorption cross-section intensities and linewidths as temperature is lowered from room temperature to cryogenic temperatures. Universal absorption curves and numerical tables are presented for pump sources that are assumed to have a Gaussian spectral lineshape, as a function of center wavelength, bandwidth, and optical density (doping density × penetration depth), at 295 and 83 K. Curves and tables are presented for both 295 and 83 K and may be used to optimize the pump absorption and laser efficiency.
Introduction
Cryogenically cooled Yb lasers have received much attention in recent years due to their demonstrated ability to provide near diffraction-limited output beams with high efficiency [1] [2] [3] [4] , CW powers at the kilowatt level [5] , near-kilowatt picosecond ultrafast power [5] , high Q-switched average power [6] , and record frequency-doubled picosecond average power [7, 8] . The many attributes and state-of-the-art of cryogenic lasers have been described in three review articles [9] [10] [11] . Cryogenically cooled Ho:YAG (YAG, yttrium aluminum garnet) lasers using liquid nitrogen as the coolant are in their infancy, and may be developed to provide a high efficiency, high-averagepower (HAP) near-infrared source with excellent beam quality operating near 2100 nm. A recent paper has demonstrated the potential of this system [12] . A Tm:Glass fiber laser pump with tunability from 1920 to 2110 nm and a CW output power up to about 57 W was used to pump the 1932 nm absorption peak of the 5 I 8 -5 I 7 absorption transitions, resulting in a small quantum defect (∼7.9%) and output at 2097 nm. Over the Tm:Glass wavelength range of 190 nm, the FWHM linewidth was <1 nm. Outputs up to ∼8 W were obtained; the maximum slope efficiency obtained was about 43%. Operation at 1976 nm resulted in a small quantum defect of only 2.2%. The authors demonstrated a 2.3 times enhancement in output power over room-temperature operation and a 2-3 orders of magnitude reduction in thermo-optic effects.
In this paper, we present high resolution smallsignal absorption data for Ho:YAG obtained at temperatures of 83, 175, and 295 K, in the spectral region from 1700 to 2200 nm. Our overarching objective is to provide useful results that can be used by laser designers to optimize the performance of Ho:YAG cryogenic lasers operating near 77 K, as well as at other temperatures up to 295 K. In Section 2, we describe the experimental procedure used to obtain the absorption data. The results are presented in Section 3, where we also compare the results with those of another recent publication [13] . In Section 4, we use the data presented in Section 3 to generate useful universal absorption curves and tables. Conclusions are discussed in Section 5.
Description of Ho:YAG Absorption Measurements
The work described here was aimed at performing absorption measurements of Ho 3 in Y 3 Al 5 O 15 (YAG) at temperatures of 295, 175, and 83 K. A sample of Ho:YAG with transverse dimensions 7 mm × 7 mm and a 5 mm path length with 2.0 at. % ion concentration was used for the measurements. The laser material employed was Scientific Materials Corporation's ultra-pure grade, Czochralski grown. Absorption spectra were obtained for transitions from the 5 I 8 ground state manifold to the 5 I 7 excited state manifold in the 1700-2200 nm spectral region with a resolution of less than 0.5 nm. Data were obtained using a Shimadzu SolidSpec-3700 DUV high resolution spectrophotometer that has been modified to allow cryogenic optical absorption measurements from the ultraviolet to the mid-IR. The raw data were corrected for Fresnel losses such that absolute absorption cross sections could be generated over the wavelength region covered by the spectra.
Ho:YAG Absorption Results and Comparison With Previous Results
The absorption coefficient versus wavelength spectra were calculated from the measured transmission spectra and sample thickness according to 
where αλ is the wavelength-dependent absorption coefficient and L is the sample thickness. The absorption cross section, σλ, can then be calculated from the absorption coefficient as σλ αλ ∕N, where N is the Ho ion concentration in ions per cm 3 . Figure 1 shows a laser spectroscopy diagram for Ho:YAG at room temperature, showing the ground and first excited state manifolds, the 1917 1918 1919 1920 1921 1922 1923 1924 1925 1926 1927 1928 1929 1930 1931 1932 1933 1934 1935 1936 1937 1938 1939 1940 1941 1942 1943 1944 1945 1946 1947 1948 1949 1950 former having 17, and the latter 15 discrete Stark levels. The energy levels in each manifold are labeled in number pairs, the first number corresponding to the ground state (0) or the first excited state manifold (1) , and the second number labeling the Stark levels from bottom to top in ascending order. Also shown are the approximate absorption and emission band locations, the energies of the individual Stark levels (cm −1 ) [14] , and the Boltzmann occupation factor for each level.
Due to the large number of Stark components in each manifold, the absorption spectrum for Ho:YAG is complex. Figures 2-4 show the obtained spectroscopic absorption cross sections as a function of wavelength in the infrared spectral region from 1700 to 2200 nm, at temperatures of 83, 175, and 295 K. At room temperature (Fig. 4) , the intense zero phonon absorption peak at about 1908 nm is often used for direct pumping into the upper manifold due to a relatively wide (about 4.5 nm FWHM) absorption bandwidth that can be efficiently pumped with fiber or diode lasers. As temperature is lowered to 175 and 83 K, the linewidths narrow somewhat, but not to the extent observed with Yb:YAG [15] . The 1908 nm band, for example, narrows from about 4.5 to 3.5 nm FWHM as the temperature is lowered from 295 to 175 K. The intensities of the many lines vary in a more complex way than Yb:YAG as well. If we focus on the 1908 nm band, the intensity increases, lowering the temperature from 295 to 175 K, and then decreases slightly from 175 to 83 K. For the 1932 nm band, of interest because of its intensity near 77 K and ability to be fiber laser-pumped, the intensity is minimum at room temperature, increases as temperature is lowered to 175 K, and then decreases slightly from 175 to 83 K.
This behavior can be seen in more detail in Figs. 5 and 6, where all three absorption plots are combined to view the differences between temperatures of 295, 175, and 83 K. Figure 6 has an expanded wavelength scale to better see the absorption differences in the important range of 1900-980 nm. In general, operation at 83 K results in narrowed lines and higher peak cross sections over the wavelength range from 1800 to just over 1900 nm, with small cross-section peak values at 175 and 295 K respectively. From 1908 nm out to 1920 nm, however, the 175 K absorption cross section has the maximum value, followed by 83 and 295 K. At the absorption wavelength of about 1919 nm and in the range from 1937 to 1950 nm, the absorption cross section is strongest at 175 nm, followed by 295 and 83 K. This complex changing of cross-section amplitudes as temperature is changed is due to Boltzmann redistribution of ion populations within each of the two manifolds. In disagreement with the absorption cross-section data shown in Fig. 1(b) of [12] , and the data of [13] upon which it is based, which show the peak absorption cross section at 1908 nm at 300 K, our data show that the highest absorption amplitude is obtained at 175 K, followed by 83 and 295 K. Thus the absorption cross section at 295 K is less than that obtained at 83 K. At 1933 nm, the absorption cross section is highest at 175 K as well, followed by 83 and 295 K, so absorption at that wavelength is greater at 83 K than at 295 K as well. The bandwidth of the 1932 nm absorption band is narrower than at 1908 nm. We calculate about 2.0 nm FWHM at 175 K, and 3.0 nm at 295 K. It thus appears very feasible to get good fiber and diode laser absorption at that low quantum defect wavelength at cryogenic temperatures. Volume Bragg gratings may be used to narrow diode lasers and obtain efficient absorption. One may also observe from Fig. 6 the slight displacements that occur as the crystal is cooled, as well as the change in FWHM bandwidth. In [12] , the authors report lasing at the 1976 nm line with pumping at 1933 nm. This resulted in only a 2.2% quantum defect. Pumping at 1933 nm and lasing at 2100 nm would result in a 7.95% quantum defect. Table 1 summarizes the measurements showing the peak absorption wavelength, the absorption cross section, and the FWHM bandwidths at 295, Recently we have explored the high peak power with HAP performance of Yb:YAG lasers and have shown their potential with respect to obtaining large energy storage [9] . Ho:YAG lasers have upper level lifetimes approximately ten times that of Yb:YAG. Ho:YAG lasers would then seem to offer the potential to store significantly higher energy/ pulse than Yb:YAG, within any amplified spontaneous emission constraints, and to be capable of HAP as well.
Ho:YAG Universal Absorption Plots and Tables
To generate universal absorption curves, we use the formalism previously applied to Yb:YAG [14] . To generate such curves, one must know the center wavelength of the diode pump source, the bandwidth, and of course the Ho:YAG absorption cross-section spectrum. Rather than generate absorption curves for just one specific case, we choose to generate universal absorption curves that can be applied to any situation, that is, for any doping density and thickness combination. The key to doing this is to parameterize the absorption in terms of the optical thickness D (Ho doping density × physical penetration distance). We assume that the pump diode output can be approximately described as Gaussian. The Gaussian lineshape function as a function of frequency gν is given by the following expression: where ν is the frequency ν 0 , the center frequency, and Δν the FWHM bandwidth. This expression is more conveniently written as a function of wavelength and used to describe the diode array output. The result is
where λ is the wavelength λ 0 , the diode center wavelength, and Δλ the FWHM bandwidth. We use the following relationships:
I 0 is the diode intensity, while S 0 is the spectral power density, which may be a function of frequency ν or wavelength λ. We now form the convolution integral between the diode Gaussian output and the Ho: YAG absorption cross-section data, resulting in the following expression for the material transmission T as a function of center wavelength λ 0 , bandwidth Δλ, and optical density d: 1917 1918 1919 1920 1921 1922 1923 1924 1925 1926 1927 1928 1929 1930 1931 1932 The optical absorption A is given by
Here, σ A λ is the Ho:YAG cross-section value for each wavelength λ. The optical thickness d is defined as
where ρ is the doping density (ions∕cm 3 ) and z the penetration distance (cm); d is a measure of the opacity of the laser medium and is a convenient measure related to easily determined physical parameters. The doping equivalence relationship for Ho:YAG is 1 at. % Ho ≡ 1.385 × 10 20 ions ∕cm 3 . We have applied the above formalism to Ho:YAG at room temperature (295 K
.0 nm. While we have calculated three 3-D plots for each case, to be able to clearly separate the many cross-section peaks that are found in the spectral region, we have found it most convenient to provide 12 tables of calculated absorption values for each FWHM bandwidth as a function of wavelength (abscissa direction) and optical thickness (ordinate direction). To reduce the size of the manuscript while at the same time providing useful data to laser designers and engineers, we have included only the 3-D plot for 0.1 nm FWHM for both 295 and 83 K in Figs. 7 and 8 , respectively. The 3-D plots show clearly the trend toward unity absorption for the strong absorption peaks. To obtain unity absorption for the weaker transitions, optical thickness would have to be increased beyond the limit of 5 at. % cm shown in the plots and tables. A convenient feature of the tables is that "slices" in the 3-D absorption spectrum can be plotted by readers by choosing optical thickness values for a single 1934 1935 1936 1937 1938 1939 1940 1941 1942 1943 1944 1945 1946 1947 1948 1949 1950 wavelength, or by plotting absorption as a function of wavelength for a fixed optical thickness value. The absorption at any particular wavelength increases with optical thickness d, and is maximum for the narrowest incident bandwidths. Absorption may be increased or decreased by changing the crystalline temperature.
Conclusions
In this paper, we have presented high resolution absorption measurements for Ho:YAG at temperatures of 295, 175, and 83 K, and in the spectral region from 1700 to 2200 nm. The absorption range corresponds to 5 I 8 -5 I 7 transitions from the ground state to the first excited state that are amenable to direct pumping by laser diodes and Tm fiber lasers. We have noted some disagreement between our results and those of [13] for the 1908 nm transition; however, overall, the agreement of our results with [13] is satisfying. The linewidths at 1908 and 1933 nm are broad enough at room temperature and cryogenic temperatures for direct pumping using fiber lasers and diode lasers which incorporate a volume Bragg grating. We have also presented calculated absorption as a function of wavelength and optical density for both 295 and 83 K, and for FWHM bandwidths of 0.1, 1, 5, and 7 nm. 1901 1902 1903 1904 1905 1906 1907 1908 1909 1910 1911 1912 1913 1914 1915 1916 
